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(54)Titie: METHOD AND APPARATUS FOR PERFORMING OPTICAL MEASUREMENTS USING A RAPIDLY FRE- 
QUENCY-TUNED LASER 

(57) Abstract 

An optical system, in 
one embodiment including an 
external-cavity frequency-turned 
laser having a tunable longitudinal 
cavity mode^ and a center tunable 
wavelength. TTie external-cavity 
fiequency-tuned laser includes 
an optical cavity, an optical 
gain medium ' positioned within 
the optical cavity, and a rapid 
tuning wavelength selecting device 
positioned to receive light from the 
optical gain medium and adapted to 
return selected wavelengths of light 
to the optical gain medium. The 
extemal-<avity . frequency-tuned 
laser is substantially continuously 
tunable and the tunable wavelength 
selecting device tunes the center 
wavelength of the extcfnal-cavity 
fiequaxcy-tuned laser at the same 
rate as the longitudinal cavity 
mode of the external-cavity 
frequency-tuned laser is tuned. In 
another embodiment the optical 
system includes an interferometer in . . 

optical communication with the external-cavity frequency-tuned laser. The interferometer is adapted to project a portion of light from the 
external-cavity frequency-tuned laser onto a sample, to receive light altered by the sample, and to combine light reflected frwn the sample 
and the light from the extcmal-cavity frequency-tuned laser. A detector positioned to receive the combined light from the intcrforometer 
and to generate a signal in response thereto. A processing unit in communication with the detector performs digital signal processing to 
extract spatial information related to the sample in response to the signal from the detector. 
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Method and Apparatus for Performing Optical Measurements 
Using a Rapidly Frequency-tuned Laser 

Field of Invention 

The invention relates to the field of optical imaging and more specifically to the field of 
inteiferometric-based optical imaging. 

Background of the Invention. 

interferometric optical imaging has emerged as a powerfiil technology for high 
resolution (-^Mm) visualization of microstructural optical properties such as absorption, scattering, 
loss, birefiringence, and spectroscopic analysis. Several embodiments of this imaging technology 
require a mechanically scanned reference aim. For instance, in optical coherence domain 
reflectometiy (OCDR) a longitudinally scanned reference arm and a broad bandwidth light source 
arie used to create reflectivity profiles of a sample's optical properties. Ehie to the broad 
bandwidth of the optical source, as the reference arm mirror is translated, optical interference 
between reflections fi*om the reference mirror and reflections or scattering sites within the sample, 
is detected at the photodetector when the respective path lengths are matched to within the 
source coherence length. Such mechanical scanning can lead to low image acquisition speed, 
limiting utility in many applications. Techniques based on optical frequency domain reflectometry 
(OFDR) ideally have no moving parts and thus potentially can scale to high rate imaging. 
However, today's known OFDR embodiments typically suffer from poor system dynamic range 
and sensitivity, limited potential imaging speed, and poor linewidth or resolution. 
The present invention seeks to overcome these limitations. 
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Summaiy of the Invention 

One aspect of the invention relates to an OFDR system for obtaining spatial information 
about a sample. One embodiment includes an external-cavity frequency-tuned laser. The 
extemal-cavity frequency-tuned laser inchides an optical gain medium and tuning elements in an 
e5ctemal-cavity. The external-cavity inchides a wavelength selecting device, positioned to rec«ve 
light from the optical gain medium and direct light back to the optical gain medhim. The 
wavelength selecting device tunes the center wavelength at the same rate as the longitudmal mode 
of the external cavity is tuned. In one embodiment the wavelength selecting device includes an 
optical dispersion device and an angular scamiing device positioned to transmit light from the 
optical gain medium to the dispersion device. The system further inchides an interferometer 
contahring the object under study ilhrnrinated by the external-cavity frequency-tuned laser, and a 
detector positioned to receive Ught from the interferometer and to generate a agnal in response 
thereto. An electronic processing unit is comiected to the detector. The processing unit performs 
digital signal processing to extract spatial information in response to the «gnal from the detector. 

Brief Description of Drawings 
The foregomg and other objects, features and advantages of the invention wiU become 
apparent from the following more particular description of preferred embodiments of the 

invention, as iUustrated in tiie accompanying drawings. 

Fig. 1 isablock diagram of an embodiment oftiie invention witiianembodimentof an 

0 external-cavity laser. 

Fig. 2 is an anotiier embodiment of tire external-cavity frequency-tunable laser shown in 

Fig. 1; 
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Fig. 2a is another embodiment of the extemal-cavity frequency-tunable laser shown in Fig. 
2 with the scanning mirror replaced by a AOTF unit; 

Fig. 3 is an '.embodiment of a non-linear signal processmg algorithm to compensate for 
'■^'^^ non-linear frequency sweeps in the source; 

5 Fig. 4 is another embodunent of the invention using a tunable optical filter; 

Fig. 5 is yet another embodiment of the invention which is capable of producing images in 
- multiple dimensions; and 

Fig. 6 is another embodiment of the invention in the form of a ring laser. 

Description of Preferred Embodim 

10 Referring to Fig. 1, an embodiment of an OCDR system 10 includes an exteraal-cavity 

frequency-tuned laser 14 which is rapidly and nearly continuously tunable, an interferometer 18, a 
processing unit 22 and a computer controller and display 26. In the embodiment shown, light 
from the extemal-cavity frequency-tuned laser 14 is divided by an optical coupler 30 into two 
beams. One beam is directed toward a reference mirror 34 and reflected back toward the coupler 

15 30. The second beam is directed toward a sample 38. This light from coupler 30 impinges on.the 
"e';; sample 38 by way of translatable probe 42. This probe 42 attached to a transverse scanning 
device 46 scans the beam across the sample 38. Transverse scanning may be accomplished by a 
number of means including, but not limited to, moving mirrors, moving lenses, electrooptic 
deflector, or any other means to accomplish the translation of light across sample 38. In another 

20 embodiment the probe '42 is stationary and the sample 38 is moved across the beiEUii. Light 
reflected by the sample 38 returns to the coupler 30 and combines with light reflected from the 
reference mirror 34. The recombined beams form an interference pattern which is detected by 



FCTAJS98/00D71 

WO 98/35203 

-4- 

pHotodeUCo. 50. A aigna. generated by U,e pho.ode.ecto. 50 is digitized and processed by «.e 
signal processor 22 and *o resuU displayed on a computer controller and d«pUy 54. 

An embodiment of the e^cnal-cavit, frequency-lnnable laser sho«« in Mg. 1 uses a 
.^^dtb seniconductor 58 ampMer. TypicaUy. as is taown in the ar, the ends of the 
,^.i«er Chip d^ough »hich the optical bean, propagates are «.cets 5,. 60 along *e naW 
erys^llographic cleavage planes of *e chip. As sucl. they are parallel to each other. To 
oppress self^iUaUon of the ampH«er chip, and to n^inimize Hpple in the spectrum of the 
^^ty ^ i. is import .o minimize .he reflecvity of the ^ 60 inteHor to the 
e^emal-cavity by a combination of anti-reflection coating and ang«ng of the singlcspatial-mode. 
, _o.-stripegain,egion^respectto.heface.. Optical gah. is provided by it^ecting o^ent 
the narrow stHpe region de^nh^gti^^e spatial mode. A. ti« ou.pu. «.cet 59 of the 

^^vity some smaU reflectance is r«^ to pro.de osciBation in an e^emaUavrty 
The residua, reflectance of ti. angled stripe may suffice if tire eternal coating .s 

appropriate, but it is preferable to have the stripe perpendicular to ti. o^put fi^et 

^ one embodiment, an e««na.-cavi., las« has portions of the cavHy on both sides of the 
^,iflerchip(doubl«ndede«ern..cavi.y).,nthi,caseboti..mphflerfa^refl^^ 

and of ti.e chip, nmst be suppressed. MU,ough a semiconduc^r laser is shown in tins 
en*odime«,oti»remboaimen.utiBzeoti.eropticalgainmedia such as rare^ doped til«s 
^ioti^rsoHd state gain media, h. ti. en*»«n«n. shown, a «gh. beam exiting ftom ti« baC 
,0 ^60isco«in^^.ens62.ndreflected.omasteerab.emtaor66. Embodiment of *e 
^eerable mitror 66 indudea a galvanometer, a PTT. an elect.«.ptic beam deflector, or a vo.ce 
coil drive, mirror. The reflected light beam is directed to a v^vCengti. selective Cement 70. In 
„ne embodiment. tilewavCengU. selective .en^t is a n.M grating The ruled difl^on 



15 

ami 
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grating operates in the Littrow configuration, known in the art, which retro-reflects light of a 
wavelength obeying the diffraction condition determined by the angle of incidence and the grating 
ruling pitch. In another embodiment a dispersive prism followed by a mirror, as is known in the 
art, is used. 

An exteriial-cavity for laser 14 is formed between the partially reflective surface of the 
cleaved front facet surface 59 (or alternatively a partially transmissive surface in front of the laser) 
and the grating 70. By angularly steering (arrow R) the steerable mirror 66, the laser 14 is 
frequency-timed. When the relative distance of the laser 58 to mirror 66 spacing, the laser 58 to 
grating 70 spacing, the grating angle 0, and the grating ruling are properly selected nearly 
continuous frequency tuning can be accomplished. In an embodiment haying a reflection from the 
tuning mirror 66, a condition exists under which the frequency of a lasing axial cavity mode tunes 

• at approximately the same; rate as the grating center frequency thereby avoiding axial mode hop. 

- The condition is approximately given by the expression: 

tan^^J-1 

where V is the distance from mirror 66 to grating 70, Lf is the fixed distance from the rotational 
axis of mirror 66 to laser front facet reflector 59 and (0>45^ is the angle of incidence onto the 
grating at the scan center wavelength measured from a normal to its surface. This method avoids 
the need of rotating the tuning element around a displaced pivot point to avoid mode hops, as is 
known in the art. Such designs are limited to slower mechenical scanning methods. 

This design criterion neglects dispersive effects, and provides first-order compensation for 
the axial mode tuning. Under the above spacing condition, there is a parabolic increase in the 
mode index about the center wavelength. A simple way to approximately compensate for this 
(and other dispersive effects) is to use a chirped Bragg grating in an optical fiber or optical planar 
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waveguide to provide a quadratic phase shift to its reflected light. The compensation may be 
exact if a constant second derivative of phase vdth respect to frequency is used. However, this is 
a more stringent condition that requires careMly designing a chirped grating. It should be noted 
that with proper choice of grating length and chirp, nearly perfect mode compensation can be 
5 achieved over several percent of optical bandwidth without the stringent grating requirements just 
discussed. 

One embodiment of such external-cavity frequency-tuned laser using a chirped Bragg 
grating is shown in Fig. 2. Note that this embodiment is an example of a double-sided external- 
cavity, with optical elements on dther side of the optical gam medmm. In this embodiment a 
10 Bragg waveguide grating 80 is used as a weak dispersive reflector to reflect Hght back into the 
external-cavity. The Bragg waveguide grating 80 is also used as a transmissive output coupler. 
The rapid scamung Littrow steerable mirror 66 configuration of the previous embodiment is still 
used for linear frequency compensation, with a slight adjustment of the grating spadngs to allow 
for a fixed component of cavity distance equal to one half the grating optical path length. H^at is: 



tan^^-l 

15 



A mode-hop, or change in mode order, is equivalent to having a different number of 
wavelengths in the cavity. If the wavelength increases at the same rate as the total cavity length 
increases, mode hops are not present. In the embodiment of Fig. 1, both the wavelength and the 
cavity length change with tuning angle of mirror 66. The pr^ous equation defined a condition at 
20 which both the cavity length and retro-reflected wavelength tune with the same Imear rate at the 
center of the tuning range. This tuning has non-linear, primarily quadratic, components that cause 
the cavity length and wavelength changes to diverge on either side of the center of the tuning 
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range. This divergence is referred to as a second-order deviation to the continuous tuning 
condition. The second-order correction condition, which if satisfied greatly extends the 
wavelength range of non-mode hopping, is defined by: 

\fr 'fx) tan^ ^(l + tan^ (f) 

5 where n is the average refractive mdex of the chirped Bragg grating, fo is the center optical 
• frequency (and the Bragg fi-equency at the center of the grating), fr-fi is the chirp of the Bragg 
v^ftequency across the gratmg (greater than or equal to the desired fi-equency sweep), and Lg is the 
Bragg grating length. In practice, with fpced Bragg grating parameters, the distances K and Lf are 
experimentally adjusted near their nominal values for exact second and first order compensation, 
10 ^ respectively. The fixed length Lf in this embodiment is the fixed optical path length of the cavity 
. . that does not change with tuning conditions, extending fi:om the center of the tuning mirror, 
, through the collimating lenses and amplifier, to the interior side of the Bragg grating. 

The remarkable feature of this mode compensation is that it results in an extremely large 
cavity spectral mode separation, limited only by higher order or other uncorrected dispersive 
15 eflfects. This means that maintaining very short cavity dimensions is not required to provide few 
, modes within the grating resolution envelope. 

In one enibodiment, an AOTF is used to replace the mechanically-scanned tuning mirror 
66 of the embodiment of the external-cavity frequency-tunable laser shown in Fig. 2. In this 
embodiment, the scanning mirror 66 is replaced by a fixed diffiraction grating 69. The AOTF 71 is 
20 inserted in the coUimated beam between the lens 62 and grating 69. When the wavelength of the 
transmitted beam is changed by tuning the AOTF 71, which is designed to impart no angular 
deviation to the beam as the AOTF is tuned, the difiraction angle from the grating 69 changes. 

iSOOCtO: <WO PiKVRXrMk^ t > 
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The changing dif&Jction angle causes a path length change in the beam retroreflected from the 
second Uttrow grating 70 similar to that of the scanned mirror embodiment. The AOTF imparts 
a small optical frequency shift to the beam transmitted in one direction, but the frequency shift is 
reversed in the opposite dir^^on, so that a beam propagating through a round trip in the cavity 
5 suffers no cumulative radio-frequency shifts. 

In more detail and referring again to Fig. 1, the output of the laser is sent into a Faraday 
isolator 84 and coupled into a fiber optic Michelson interferometer 18. In one embodiment the 
interferometer is constructed with angled fiber facets (not shown). The isolator 84 and angled 
fiber facets (typically > S") serve to minimize reflections which can detrimentally effect tixe laser 
10 stability. 

On^ am 88 of the taterferometer leads to the rtfereooe nmror 34. d>e other to the probe 
.«>d„,e 47 couple, light to atri ftom the sample 38 atKl p«*mm transverse «=anoing 46. 
Although in a» embodin«nt shown the probe module 47 is scanned, alternatively in another 
e„*„diment the sample 38 is scanned lateraUy by translating the sample 38 pen»ndicula, to the 
,5 axis of the probe module 42 using linear transladon stages or angular scanning devices as is 
too™ in the art. Tte light reSecled ftom the ref»ence mirror 34 and the s«nple 38 are 
recomhined by the beam splitter 30 and passed to the photodetector 50. Although a smgte 
photodetector is sho™. in another en*odiment. double bala^eddetecU^ 
fl« art. to caned excess intensity noise from the source and sample-sample beat rignals. In this 
20 Embodiment the intcrfcnneter is moofied ftom simple Mid^elsonint^ 

4e art. The signal generated by the photodetector 50 in response to ti-e cotubined reflected light 
is ampMed, filtered and converted to a digiud signal by an A/D convener and digitally processed 
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by processor 22. Alternatively analog signal processing techniques could be used as is known in 
the art. . 

When the angle (R) of the steerable mirror 60 is scanned in a saw-tooth pattern, the 
system 10 operates as a normal OFDR system with the added improvement of a nearly continuous 
frequency sweep as described in detail above. One embodiment of the device of Fig, 2 (without 
the chirped Bragg grating) operated with a greater than 20 nm tuning range at 840 nm center 
frequency. Because the grating frequency does not vary linearly with mirror angle (R) (its 
wavelength tunes in a slightly non-linear manner with respect to incident angle), there is a slight 
frequency sweep non-linearity of the output spectrum that leads to decreased resolution. That is, 
the output frequency is not exactly linear in time and thus the beat frequencies between the 
reference reflector and a reflection from the sample will not be constant in time. The effects of 
such a non-linearity can be eliminated with post detection processing as described below or by 
altering (pre-distorting) the form of the scan from a saw tooth pattern. 

The use of mechanical scanning systems results in some difiSculty in achieving very high 
scan speeds (e.g. video rates) and a linear frequency chirp. For example, in AOTF systems the 
transit time of the^coustic wave from the tuning transducer of the AOTF limits Ihe available 
tuning speed, white in systems using a grating 70 and a steerable mirror 60, the inertia of the 
steerable mirror 60 lunits tuning speed. Typical galvanometers will not reproduce, with good 
fidelity, a sawtooth waveform with a frequency of higher than about 50 Hz. However, such 
-galvanometers can be driven with pure sinusoidal signals at frequencies much higher. Normal and 
mechanically-resonant galvanometers can be driven at video rates (--15 kHz) using a pure 
sinusoid. In other einbodiments, combinations of scanning mechanisms and frequency dispersive 
elements are used to achieve very high rate tunable optical filters with a sinusoidal sweep pattem. 
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to oU.^ embodtaenu. rotating polygons,. decU-o-opdc beam deflectors, and «>nable fiber 
Fabry Perot fUters may be used ^ithfiecpenoy dispersive elements to achieve iUgh—^ 

instead of ti.e galvarrometer and grating descnW above. 1. the embodiment shown in Fig. 1. if 
the steerable mirror is a resonant - ga^anometer driven by a sim>soidal waveform, high speed 
5 sinusoidal tuning of the laser ftec^enc, can bo achieved U. order to correct for non-linear 
ftequency sweep and ensure proper demodulation of U.e reflectance profile of the sample 3S an 
a„,,Ua,y interferometer 96 in one embodiment (shown in phantom) is used «, sample the signal 
p„duoedby the photo^etecto, 50 at e<pal increments of the source frecpency. as is known in 
U,e art. The amdttary interferometer 96, corrects for any non-hnearity in fretp^ency sweep by 
,0 sampBng the detected signal a. eoually spaced source increments as is well known in 

toyetanoU«embodime«tonatigate.heefrectsofsomcein.ensityfluctuations during 

the fr^iuency sweep a separate calibration photodetec«>r is incorporated » measure the hser 
output power and used to «Snst power of hser ,4 or used to U« digitized signal in • 

processing unit 22. Ahhough the apl^oach of using an amdUary taterferometer 96 can p^ 
,5 correct for deviations from the idea, in the sweep of the opdcal source by providing signal trigger 
pulses at e<^a.ly spaced.iBaemen.s.m the,source.*e<p.enc,..s„ch .ppro«*^ have several 
H^tio... inch-ding hardware complerit, and system perfbnnanc. hmit«ions due to instabilia« 
in the auxiliary tolerfetometer 96 paths and processing eteclroBics. 

Therefore, in another e.r*odiment. in which the ire^ency sweep is «m*.ear but is very 
20 repeaua,le. . correction for deviaUons ftom the idea, the sweep of ^ optica, source, is 
perfonned by signs, processing of the detector signal. Referring to Fu.. 3. a flow diagram of 
an «*odhnent of a simpM«. version of the signs, processing aigorithm is show,. In th» 
embodiment a portion of U« periodic signs, wavefonn generated b, the detector 50 is sampied 
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over a monotonically increasing or decreasing period T at equally spaced time intervals using a 
precision clock (STEP 100), Non-uniform time samples could also be used. Next, based on 
.knowledge of the. precise shape of the frequency sweep obtained from other means, either known 
a. priori or measured as described below, the time axis is transformed to yield a beat signal 
5 characteristic of a linear frequency sweep with a transferred time axis (STEP 120). Once the new 
time axis is derived, several methods exist to process the data. In one embodiment, the new time 
? samples are interpolated, with equal time increments in the new time axis coordinates, based on a 
. ^ - linear or non-linear -fit to the actual data values in the new time axis (STEP 130). Then standard 
Fourier analysis techniques such as the Fast Fourier Transform (FFT) are performed to obtain the 
10 reflectivity profile (STEP 140). Other algorithms to obtain the reflectivity profile, such as 
maximum entropy and wavelet transforms, can also be used. 

To understand the basis for the signal processing, let the electric field of the light emitted 
by the tunable laser be described by the expression: 

Eo(t) = A(t) Expa((Dot + 0(t))) (1) 
15 where A(t) is the amplitude of the electric field, cDo is the nominal center optical frequency, t is 
^ time, and 0(t) is tiie phase of the electric field. In general, 0(t), which describes the modulation of 
" the optical carrier*phase and frequency, includes a stochastic random phase component which is 
neglected for the purposes of this description. Assumittg that A(t) is a constant, or alternatively 
that any power fluctuations of the source can be normalized by monitoring the output power of 
20 - the laser source as previously described, the detected photocurrent is proportional to the squared 
sum of the electric field reflected from the reference reflector 34, Er(t), and the reflected field 
from the sample 38, Es(t - x), as given by the expression: 

I(t)~|EXt) + E.(t.x)|^ (2) 



cnnrtirv «.uin 
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^ , is rCaUve detay between U» reference reflection and *e san^le reflection and t i. 
ptoportional to the rdative distance into the sample 38. 

The signal component of interest will consist of tire cross tenn E^t) • E.(t - t). Other 
«™s give rise to DC compo.««s and signal-signal beat terms which can be removed by signal 
5 processing technitpes as known in ti« art or by carefully selecting a nominal time delay between 
the sample and ti» reference so that .he cross produa of the sigha. and ti. signal beat noise does 
no. spectrally interfere witir tire cross product of tire reference and ti» signal spe«nm. E^.) is 
a deUyed and scaled version of whUe. for a single reflection witinn tire sample, E.(. - x) 
i3 ti. product of a scaled and delayed version of E.(t) times tire sample reflection coeflident 
10 rM, where r. and ^ are tire magniurde and phase of ti« reflection at respectively. This 
„ a single reflection f^m tire sample. Thus, by ignoring ti» relative^, unimportimt delay 
^ and constants, tire beat signal of int.re« at tire photodetector 50 output. s(t). is given by tire 
expresMon: 

s(t) = roCOs((D„x + 0r+0(t).-0(t-'t)) 
j5 =r„cos(<DoX + 0r+2uJdxf(x))x=(t-'C,t) (4) 

where f(t)is the modulated optical fre^pen^ about the opti^ 

^ = o^2.. s(t)caa be fiuther simplified when f(x) is approxin^tely — 

accurate for most of the apphcations of interest, to'. 

s(t)«r.cos(<D„r+0r+2iif(t-x/2)T)) (5) 

20 This can be further simplified to: 

s(t)«roCOs(<D„x + 0,+ 27tf(t>c) (6) 



wo 98/35203 PCTAJS98/00071 

> 13- 

For the case of an ideal linear chirp of magnitude Af and duration T^, 0(t) and s(t) are 
given by the expressions: 

0(t) = (Af/To)t (7) 
s(t) = roCos(o)oT + 0r+27i(Af/To)xt) (8) 
This can be recognized as a simple sinusoid of magnitude, ro, and frequency 
fb = Af (x / to). Thus by performing appropriate windowing and Fourier analysis ro, and fb, can be 
determined. From fb, x can be determined, and from x the relative location of the sample 
reflection Ax ~ c x /2n can be determined, where c is the speed of light and n is the group index of 
refraction. Thus the sample reflection magnitude and location can be identified for this simple 
case of an ideal linear chirp. 

For the case of a sinusoidal frequency sweep, f(t) and s(t) are given by the expression: 

f(t) = (Af/2)sin(cD„t) (9) 
s(t) = ro cos( ©oX + 0r + 271 (Af / 2) x sm(G>^ t) ) (10) 
where f^ = ©m /27c is the modulation frequency and T^ = 1/ lln is the modulation period. This can 
be recognized as a sinusoidal frequency chirp of the beat signal. Although simple Fourier analysis 
can not be used to derive ro and x, if the time axis is transformed, as described above, using tncw = 
(1/ ©m ) sin(©m t) and the periodic modulation broken into alternate monotonically increasing and 
decreasing; sections so that the time axis has a one-to-one mapping then s(t„ew) is given by the 
expression: 

S(t„ew) = To COS( ©oX + 0 , + 27C (Af / T^ X t^ ) (11) 

Equation 1 1 is frmctionally similar to equation 8 and thus standard Fourier analysis can be 
performed to derive r© and x. Since the time samples in equation 1 1 are not equally spaced. 
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interpolated values of time and s(t) will generally have to be calculated before standard FFT 
algorithms can be appUed. However other algorithms such as maximum entropy and wavelet 
transforms can be used for spectral estimation. 

In the general case, the frequency sweep, f(t), will be periodic and can be broken up into 
monotonicaUy increasing or decreasing segments where one-to-one mappings between frequ«icy 
and time exist. In sections where f(t) changes from an increasing to a decreasing segment (or vise 
versa) it may be necessary to perform a windowing fiinction to remove data which may not be of 
high fidelity during transitions. In this case, each segment will contain information about one axial 
reflectivity profile. By defining a time transformation to be: 

t^=(To/Af)f(t) (12) 



then 

s(t^) = ro cos( ffloX + 0r + 27C (Af / To) X t^) (13) 
Again tiiis is similar to equation 10 and Fourier or otiier analysis can be applied to 
deterinine tiie reflection coefficient magnitiide and location. In tins new coordmate system tiie 
15 samples will not be equally spaced m time a^ mentioned above, but in one embodiment, new 
equally spaced time samples are interpolated from the original time samples and then standard 
windowing and Fourier analyas is appUed to derive ro and -c or equivalentiy r„ and Ax. Furtiier. 
altiiough an approximate matiiematical analysis was performed for a single sample reflection, tiie 
more general case of multiple reflections or a contimnim of reflections may be treated as a 
20 superposition. Thus tins analysis and algoritimi are direcfly extendible to arbitrary sample 
reflectivity profiles. This embodiment of the invention corrects non-Unear frequency sweeps using 
uniform (or non-uniform) time samples and real-time or a priori _ knowledge of tiie source 
frequency sweep profile by relying on non-linear signal processing techniques. 
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Knowledge of the shape of the frequency sweep required by this embodiment of the 
algorithmic approach can be obtained from the -laser input if the behavior of the laser is well 
known. For example in a semiconductor laser where the frequency modulation response to 
current injection is known, then the laser frequency output is derivable from its input. In 
situations where the behavior is more complicated then optical calibration techniques can be used. 
For example one can use a calibrated narrowband optical filter (calibrated using a wavemeter for 
^example) and time '^gating techniques to measure the relative time when the OFDR source 
frequency passes through the filter. By stepping the filter sequentially through the range of f(t), 
f(t) can be mapped out. Similarly one can use a laser of known frequency (using again a 
wavemeter) and perform gating using heterodyne techniques. Also various types of optical delay- 
lines and optical frequency disaiminators (e.g. etalons, Fabry Perots, unbalanced Mach-Zehnder 
and Michelson interferometers) can be used to determine f(t). 

In many cases the OFDR system itself can be used for calibration. If the sample is 
replaced with a simple and known reflection profile (e.g. a partially reflecting mirror) then with 
appropriate signal power normalization, the modulated frequency f(t) is contained in s(t) from, for 
.example, equation 6^ Using known curve fitting algorithms, f(t) can be derived since most of the 
. parameters either are knoAvii (e.g. ©o, 't, 0r ,To) or can he derived by other means. . 

In one embodiment, with sufficient signal processing power and laser stability, f(t) is 
calibrated in real-time. Since calibration of £(t) can be determined in the manner described (or 
-Other techniques, as is known in the art) then by placing a reference reflector, (not shown) in the 
sample arm 88 one can perform calibration on a scan-to-scan basis increasing the accuracy of the 
reflectometry or imaging system. In such an embodiment it is important that the location of the 
reference reflector be such that the beat frequencies do not lie in a region that contains signals or 
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o« interfere »i.h *e da.a An *e™a«ve .o ^ «.e reference 

„ in «.e s^ple am, . .o have ^ «ansverse scanning .echanisn, 46 poin. ,o a reference 

reflector periodically. 

Rrfening .o Kg. 4 an alternate en*cdin,en, of the syaten, uses an acoustic 

i^^^nt The AOTF 200 has the desirable 
tunable filter 200 (AOTF) as a frequency tunmg dement. The AOTF 

^ . J « rir%iiVii«» «aRs aeometrv Can 

proper^r that it has no moving parts. An AO... conngu... ^ . r- - 

proOnce an output fte<^ency e<,ua. to the input f^. a necessary condition for singie- 
operaUo. — tKe poorer. « r.so^«ion of an AOTF. ^ the 
^contp^^ated nature of the cavit, shov. in Bg 4 would .ead to n^ode hopping However, in a 
, ^ analogous to the cavity design discussed ahove. a pair of gra^ngs in a 

^on/dispersio. con,p«.saaon geometry inserted in the cavity pro^des a iarge deg^ of 
i„„easedcavi.,n.desep.r.«o.andmodehopsuppressio..-n.en*c*^ 

.tten^teembodin^ntoftheinterferometer 18 u.i«.g a Faraday circulator 204. 

. U,*inte.f^n«.eren*odhnen.theUsersource,4.iscoup.edintoaarstpor.20Sofa 

,5 P.rada,circu.atora04. Ug,. is passed l^n. a second port of the Faraday cir».a«»2U where it 
.dir.ctedto.prohenKKh*42. Xh. probe module 42 couples light to and ^or the sample 38 
of interest and performs lateral scanning (Arrow L). In addition the prohe module 42. m th. 
\„^inch.dea a rel^^ecaon rejector 44. In one emhodimen. the re.^ 

sector 44 is a partially transmissive heam splitter (e.g. lOV.). h. ano.^ embodiment the 
.0 .e«^reflec.orisfla.deaveaou.putend4Sofht«r212.Keflectedlight.omther.ference 

3„d sample 3S are coupled bac. to the Faraday Circulator 204 and directs, to the third po« 
of the Faraday circulator 204 Where the Ught is ^ded .o the photode.ec.or 50 and the ou«™. 
.g.«lprocessedhyU.proceasingunH22. The magnUude of the reference reOecUoo is made as 
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small as possible but sufficient to achieved shot-noise limited operation in the receiver as is known 
in the art. Ideally, this interferometeric approach can be more than 3 dB more efficient than the 
approach shown in Fig. 1 since no signal power is lost by being transmitted , back toward the 
source by the coupler 30. Further, the reference reflection magnitude can be tailored to be as 
5 ' small as is practical. The Faraday circulator 204 also helps to iurther isolate the laser source 141 
•= from stray reflections. 

- Most of the embodiments described rely on a serial acquisition of data in which sequential 

■^ ' longitudmal reflectivity proffl are collected using the OFDR ranging algorithms and techniques 
described above: In other embodiments-each reflectivity profile is interlaced with transverse 

10 - scanning to produce a 2 or 3 dimensional image. However, direct acquisition of multiple 
longitudinal reflectivity profiles can be collected using an array detector as shown in the 
embodiment depicted in Fig. 5. In this embodiment the reference mirror 34 may have any surface 
shape, from a. simple planar mirror or a more complex 3 -dimensional shape matched to the 
curvature of the sample 38 to optimize the data collection. The detector array 50 is a one-or two- 

15 dimensional array. A one-dimensional embodiment of the array 50 can facilitate the capture, of 
two-dimensional images. The imaging optics 248 in such an embodiment would image a line in 
the sample 38 usihg anamorphic, optics or cylindrical optics with appropriate lateral resolution and 
depth-^of-field: The height of the line is selected for the application of interest. The imaging 
optics 248 in the detector arm 250 magnify or demagnify the source image to map into the 

20 particular detector- geometry. Similarly, a two-dimensional embodiment of the array permits 
three-dimensional images to be acquired and the optics in such an embodiment map a transverse 
area of the sample into the.transverse area of the detector 50. The imaging optics also map out 
the appropriate depth-of-field in the sample. That is, the longitudinal (or depth into the sample) 
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aistance *at U,e OFDR system images over wiU be <ie«nni»ed in part by fte depU. of field or 
oorfocal parameter of «« imaging optics nsed to image into the sample. In s.ch etnbodiments 
appropriate area dete^ors inch.de line and area CCD's (preferably with frame store areas for 
ftster m6 more sensitive ac<,»isition), PIN photodetector arrays, and CID dete«ors. By 
ac^ng multiple pixel, in parallel using tite detector array one can achieve superior r«otation 
^thin highly scattering objects by taking advantage of Ute averse information across the 
detector plane. For example, a poi,«.xeflection within a highly sc^teri^ 

^e pattern in tite deteaor plane. By coherenti^ combining ti>e light from«liac«« pixels the 
^ of ti« speckle canbe diminished and the resolution improved. Oti,er algoritinna can also be 
) adapted to improve ti.e lateral or longiti>dinal resolution within a sample by performing joint 
on . group or voh». (pixels in depti. and tiansverse dimension) of collected OFDR 

data. 

Hg. 6 shows anoflter embodiment of a «u«ble laser source as a ring laser tiiat can be used 
,ope,fonnre..ec.ometi,andimaging»easuren,en,s. l.t«sembodimem. fiber ring is shown. 
,5 .»ho„gh.^spaceea*odimen.sarealsopossible..n.hisen*odime.t.he 
optica. gainrnediumCBOOVInone^en^KHlim^ 

wiU.angledor.ppropria.el,antireflectionco..edfece.sti>suppresslaaing. Inapretered 
en*odiment .he gainn^dtam 300 isarar^artitdopedfiberbecausettis small and readily 
compatible withfiberringimplementations. I. one embodimenttite fiber is doped withadopa^ 

r, ^ or a Ramau sain medium. Other embodiments include soUd state 

20 such as Yb, Er, Nd, and Tm or a Kaman gam mcoiu 

gain media.. 

ta.no*ere.nbodiment.lo„g-,eriodfibergratingsaresplicedi.>toti»fib.rringso.h...he 
optical gain ov„ tixe laser sweep range is relMively flat and broad, in ye. another en>bodim»^ 
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faraday isolator 305 is inserted in the ring to insure unidirectional operation and a faraday isolator 
304 is installed at the output 308 to eliminate any feedback into the laser cavity. The ring may be 
manufactured out of polarization maintaining fiber, single-polaris^ation fiber, or contain fixed or 
adjustable polarization components. 

Every embodiment of the ring laser includes a tunable optical filter 312. In various 
embodiments this filter may be a fiber Fabry-Perot Filter, acousto-optic tunable filter (AOTF), or 
-tunable mirror/grating as described previously. The tunable filter may be driven in a saw-tooth or 
triangular fashion (iftsuflScient tuning bandwidth is available) or a sinusoidal or other.drive fashion 
(if compensated for as described previously). 

As described previously, it is important for good dynamic range and sensitivity to 
eliniinate mode-hops and maintain narrow laser linewidth as the laser is tuned. In normal 
operation, as the optical filter 3 12 is tuned, the laser will hop into the various cavity modes of the 
ring. To prevent this, in one embodiment (similar to that described above with respect to Fig. 3), 
a path length compensation element 316, such as a Fiber Bragg reflector and Faraday circulator or 
other dispersive or path length compensating element, is included in the ring. As the tunable filter 
*Js tuned, this path length compensator 3 16, which includes ah active or passive element, adjusts 
.the total ring optical path length to maintain the lasing condition at the peak of the tunable filter 
312. In one embodiment of a fiber ring geometry the path length compensator 316 includes a fi'ee 
space coupling region over which the air gap is adjusted during the filter tuning. 

In another embodiment a frequency shifter 320 such as an acousto-optic modulator 
(AOM), or serrodyne phase modiilator (SPM) is inserted into the laser cavity. If an AOM is used, 
the output frequency and throughput (loss) of the Ught can be controlled by the frequency and 
intensity of the radiofrequency drive 324 for the AOM. As is known in the art, if the optical filter 
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3 , 2 i. «»ed a, a rale ftat e<p..ls fte ftequen,=y of to ftequency ^en. 320 divided by 
*e rcund-tf p propagaUon dday of the .igl>. arou^l U,e ri«g tl«n a narrow linewidU. frequency 

sweep will be achieved. 

fi,. i, the rate (the prime O Mcatiog a derivative respect to time) ot»^ of flte 
la^ optical frequency, f,' is the hming rate of U» optical filter 3 12. c is the speed of Bght. W - 
the frequency shift of frequency shifting element 320, n^K, is the effi»Uve group ind«r of 
refraction. X is the insta«a„eous optical wavelength, and I, is «.e cavity tength. tiren U>e condiuon 
for resonance is approjdmately given by the expression: 

, to this coufiguraaon. ^ output frequency is precisely incremented by an amount equal «o the 
frequency shift imposedby .he frequency shifter 320 every time theHghtdrdes around thering. 

po^er. .he filter center frequency tuning rate is equal to the frequency shift divided by th^ 

.rip propagation rime. For example, if *e AOM ^ aBragg frequency shift of 600 MH. is used 
asafrequenc shifting dement 320; afiber Fabry Perot filter is used asattnablefflter 312; a 
,5 semicorKtaCor optica. ampBfier 300 wiU. a bandwid* of 50 nm (-6^5 THz) and center 

frequency of 1500 nm is used as a gain element; then, assuming a cavit, leng* of - 19.2 m and a 
gr„upindexofrefr.ctionofl.5.theround.ripprop^onrimeU~96„s. Uterefore. 

bandwidth of 50 nm can be wned in - 1 ms fi>r a repetidon tat. of - 1 Bfe 

AsundardAOMoperadngasafrequenc shifter 320 hasalimhedopricalbaadwidthfor 

20 a fixed input and output angle. There are several altemarives » an AOM «> perfbnn such 

frequency shiflmg. such a. eleCro-optical modulators. In addirion « the expense of additional 
hardware con,p.e=d.y. »r.onomons ahgmt^o. techniques can be imptemented and the AOM can 
made to work over a broad bandwidth. 
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In another embodiment an AOTF is used in place of the tunable filter 312, and the 
frequency shifter 320, combining their functions into one element. By controlling the power level 
to the AOTF it can also be used for power control either in an open-loop fashion or in response to 
power calibration unit 328. It should be understood that the AOTF has the disadvantage that 
tuning the AOTF center wavelength requires that the AOTF radio frequency shift be changed"^ 
leading to complexities in satisfying the above resonance condition. This limitation can result in 
mode hops and unacceptable lasdr linewidth which leads to poor system dynamic range. The 
mode hops result from the fact that if the filter optical center frequency is swept linearly in time, 
then the Bragg frequency shift will not be constant as was the case with an AOM, but rather will 
vary with time. This leads to the inability of the optical filter center fi-equency to track the laser 
frequency, resulting in mode hopping. 

To overcome this limitation, the path length compensation element 316 (passive or active) 
adjusts the round trip propagation delay (thereby changmg the eflfective ng(X) in the above 
expression) to compensate for the change in Bragg frequency shift. That is, if the Bragg 
frequency shift must be increased by 1% to tune the AOTF from one end of the optical spectrum 
to the other, the patih length compensation element 316 must increase the round trip propagation 
time by 1% also. This is accomplished using a passive device such as a Bragg fiber grating and a 
circulator or by using an active optical delay line such as a fiber stretcher or adjustable free space 
optical path element. 

Another more attractive alternative is to not drive the AOTF filter optical center frequency 
linearly in time but to alter it so as to cause the optical carrier frequency, which is continuously 
shifted by AOTF, to track the center frequency of the AOTF. This is accomplished if the 
equation: 
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/i>G(/) 2; 

is approximately satisfied. In this equation t is time; f(t) is the instantaneous frequent 
optical field that coincides with the AOTF centerfi:equency; G(f) is the U^^^ 
AOTT optical center frequency shift to the Bragg firequency,fB„«.andT,ist^^ 

fi-Minencv shift are 

5 propagation time. Botii the AOTF center trequency aiiu u^u^^^^ - > 

fonctions of time. Although, this equation ^ ensure a smooth frequency sweep it does not 

ensure a linear frequency sweep in time. 

To a good approximation, the integrand can be expressed as a quadratic fonction of 

frequency: 

10 oa) 

■ This resuHs in the following equation to be solved for/ft): 

From .Ids egression, the co„esponding ,in,«iependent ^Uo-fre-n-ene, drive of the AOTF can 
hefcu«l. tooriertoe«raetlongi«.dinalreflectivityprofflesof*esample,oneeniK^ 
,5 con,pensa.es&rtheno,.linear*e<^eocys„eepwithana«xili^ 

signal processing algorithm described previously. 

ReferringagaintoFtg. 6, in one en>bodi,nen, .power calibration Cen^nt 328 isusedto 
^aknownintensit, profile of the output wavefom,(e.g. uniform or raised^oosine). A 
coupler 332 is used to remove a portion of the ««p«t ligW onto a photodetector which is 
20 inchrdedin,hepowercalibra,io.eleme«328. The output of ti>is ph«odetec.or is compare! to 
referent level and the diiference 336 is used to adjust the gain 340 of the optical gain medium 
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300. In other embodiments the difference 336' is used to control the throughput loss of the 
frequency shifter 320 or optical filter 312. In still another embodiment, the power can simply be 
monitored and used a:s an input to the post-detection signal processing unit as described 
previously. 

5 Although in this embodiment of the ring laser utilization of tunable optical filters 3 12 and 

path length compensation elements 316 ensure a nearly continuous frequency sweep, other 
frequency shifting tunable optical filter elements are used in other embodiments. In one 
embodiment the Bragg frequency shift of an AOM is adjusted to keep the laser at its resonance 
condition when a timable filter Fabry Perot filter, whose center firequency can not be linearly 

10 tuned, is used as the tunable optical filter. In another embodiment the Slter consists of a cascade 
of optical filters such as an AOTF and a Fabry Perot filter. 

In many applications of interest, the specimen, for example a biological organism, inay 
contain moving objects, for example blood flow, under measurement. The OFDR imaging 
designs and methods described herein allow the extraction of velocity^ position, and magnitude of 

15 reflections on a high resolution scale (--10 ^m). For an ideal, linearly-chirped OFDR system and a 
single stationary point target, the detected signal will be a constant firequency' sinusoid the 
magnitude of which is proportional to the reflectivity of the target. Qualitatively, if the target is 
now moving at a constant velocity then the received signal consists of a chirped firequency 
sinusoid whose average or nominal frequency will be Doppler upshifted or downshifted depending 

20 on the relative motion of the object with respect to measurement system and the rate of the source 
frequency sweep. Thus by estimating the chirp the actual location of the target along with its 
velocity is obtained. 
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For a single target, the instantaneous beat frequency,/., generated by the OFDR system is 
approximately given by the equation: 

. 2z ^ 2v _ ,• 2v 

where/„ is the kno^vn starting optical frequency,/, is the known optical frequency sweep rate 

. .. . „ r«naft ^with x&sd&X to the fixcd reference mirror), v 

5 from that frequency, z is uie uiiMtw." o- v - 

is fte unknown targe, vdodn, (nonnal to the incident light beam), and c is the speed ofHght. 
The first tern, is a constat ftequency proportional ,„ ti» dis.a»=e to a.e target; the second tenn is 
proporUonal to the velocity of U>e target and is ti,e Doppler component; and a.e final term is the 
chirp m dK, beat frequency which is proportional to a« targe, velocit, times the opUca. fre<pency 
,0 sweep scan ra.e. Formuhiple.argeB.U.ebea.sign.lwiUconsis.ofthes»mofdifere«ly 

weighted multiple beat frequency terms. 

There are a variety of algoda^ns. wett known «> those skilled in the art of «dar analy»s, 
to. are uSBzed .o attract Doppler information iiom the received waveform. The opticd 
technique of *e prese„.invenflon.wid,itsl.rgei«que„^sweeprate(orders of ma^ 

15 fl«„ in rf or typical optical radar) enables a unique means of e«rac«ng Doppler infbnnaUon fto» 
asingle sweep. A.arge.atacemindis.anceproducesabea.fte,uencywWchisp^ 
its disunce. If .he .argils moving.aDopplerof6e. is added., fl-isbeatftequency. and tte 

combi.edbea.fte,uencyisbroadened(chirped)by*euirge.motton. NeiteAe range or 
Doppler offse. are knownaprion.Fura>er>m.nysituafions««remaybem»Wple..rge»^ 

20 diffcarent ranges and velodties. 

In one embodiment a method of e^ctracting both range and velocity information multipUes 
the digitized received waveform by a series of dechirping functions having quadratic time- 
dependent phase favors of the form eKp(-jKt^ each differing by the proportionaU^ 
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Each value of K is related to a diflferent Doppler velocity and the known optical frequency scan 
rate. Each of the series of dechirped waveforms- is then Fourier transformed using an FFT or 
other suitable algorithm. For each chirp parameter, the corresponding Doppler offset is 
subtracted in the frequency domain from the transformed signal to provide the portion of the beat 
frequency arising from range. Each target produces a peak signal from a different distinct point in 
the range-velocity plane. In another embodiment, chirped pulses are sequentially incident onto 
the target and Doppler information is extracted by processing the reflected light across the 
multiple pulses, in a manner similar to that of 10.6^m long-range optical radar. 

In another embodiment, range and Doppler infomiation may be extracted using the 
information contained in a complete cycle of swept frequency, as is known in the art of FM-CW 
radar systems. In the first half of the scan, if the reference frequency is greater than the delayed 
return frequency from the target (for relatively large ranges, and smaller Doppler shifts), and in 
the second part of the scanning cycle where the reference frequency is monotonically decreasing^ 
the reference frequency is less than the delayed return frequency from the target. If the target is 
stationary, the difference frequency of the interferometric beat signal is the same for both portions 
of the sweep . If the target is moving, its frequency is Doppler shifted, so that the difference 
frequency between the reference and delayed Doppler-shifted return frequency from the target 
will not be the same during two half sweeps. After finding the spectra and corresponding target 
ranges from the two half-cycles, the mean of the (Doppler shifted) target return positions will give 
the target position, and the difference between the mean and individual spectra will give the 
Doppler shift. 

While the invention has been particularly shown and described with reference to specific 
preferred embodiments, it should be understood by those skilled in the art that various changes in 
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fonn and detaU may be made therdn vdthout departing from the spirit and scope of the invention 
as defined by the appended claims. 
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CLAIMS 

What is claimed is: 



1 1 . An optical system comprising: 

2 an extemal-cavity frequency-tuned laser having a tunable longitudinal cavity mode 

3 and a center timable wavelength, said external-cavity frequency-tuned laser comprising: 

4 an optical cavity; 

5 an optical gain medium positioned within said optical cavity; and 

6 a rapid tuning wavelength selecting device positioned to receive light from 

7 said optical gain medium and adapted to return selected wavelengths of 

8 light to said optical gain medium; 

9 an interferometer in optical communication with said extemal-cavity frequency- 

10 tuned laser, said interferometer adapted to project a portion of light from said external- 

1 1 cavity frequency-tuned laser onto a sample and to receive hght altered by said sample, said 

12 interferometer adapted to combine light reflected from said sample and said light from said 

1 3 extemal-cavity frequency-tuned laser; 

14 a deteqtor positioned to receive said combined light from said interferometer and 

15 to generate a signal in response thereto; and * 

16 a processing unit m (x>nmiunication with sdd detector, 

17 wherein said extemal-cavity frequency-tuned laser is substantially continuously 

18 tunable, 

19 wherein said tunable wavelength selecting device tunes the center wavelength of 

20 the external-cavity frequency-tuned laser at the same rate as the longitudinal cavity mode 

21 of the extemal-cavity frequency-tuned laser is tuned, and 
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wherein said processing unit perfonns digital signal processing to extract spatial 
information related to the sample in response to said signal from said detector. 

2. The system of claim 1 wherein said wavelength selecting device comprises a grating and 
an angular scanning d&ncc. 

3. The system of claim 2 wherein said angular scanning device comprises an electro-optical 



4. 

5, 



beam deflector. 

The system of clahn 2 wherein said angulaf scanning device comprises a rotatable prism. 
The system of claim 2 wherein said angular scamiing device comprises a galvanometer 
2 scanned mirror. 

1 6. The system of claim 2 wherein said angular scanning device comprises a resonant scanning 

2 mechanism. 

, 7. Ti^s^u.r.ota^2^^M '^^''^'>^'^'°'^'°'^' 
2 temporally non-linear frequency swm^. 

1 8. The system of clahn 7 fijrther comprising: 

2 an amiHary toterfe,om«er in optical conununication wiU- said e««nal^vi.y 

3 ^^-^ ^. sM -^ -^..^ ^ an ^dlia-y d«e«or in eiecuical 

4 communication with said processing unit, 

5 ^k^dauconected in response to said .en,x>rall, nonlinear ftequencysw^ 

6 correoed by sad pn-cessing unit in response .o signals <h™ s^ 

7 interferometer. 

1 9. ThesysKmofclaim7«l>er«nsaidtemporallynon-Iine.rft«p.«.cys»«epissin»soidal. 
, ,0. Tte system of daim 7 vteeindau collected in responses said ten,K.rd^ 

2 fte<^encysweeparecorrectedbysaidprocessingn«tinresponse.osignalsfiom«^^ 
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1 11. The system of claim 2, wherein said scanner includes a drive mechanism whose drive function 

2 is pre^istorted in time to precorrect for any nonlinerarity in the laser transfer function so as to 

3 achieve a nearly continuous frequency sweep in time. 

1 12. The system of claim 1 wherein said wavelength selecting device comprises tunable optical 

2 filter. 

1 . 13. An external-cavity laser having a tunable longitudinal cavity mode and a tunable center 

2 wavelength, said external-cavity frequency-tuned laser comprising: 

3 an optical cavity; and 

4 a gain medium disposed in said optical cavity and comprising a nonrreflective cleaved 

5 interior facet surface; and 

6 a rapid tuning wavelength selecting device positioned to receive light from said optical 

7 gain medium and adapted to return selected wavelengths of light to said optical gain medium, said 

8 wavelength selecting device comprising: 

9 grating; and 

10 i, an angularly steerable mirror positioned to reflect light from the non-reflective 

1 1 cleaved interior surface of the gain medium to said grating. 

12 wherein said external-cavity frequency-tuned laser is substantially continuously tuhable, 

13 wherein , said tunable wavelength selecting device tunes the center wavelength of the 

14 external-cavity freguency-tuned laser at the same rate as the longitudinal cavity mode of the 

1 5 external-cavity frequency-tuned laser is tuned, aind 

16 wherein the relationship between said gain medium, said mirror and said grating is given 

17 by the expression: 

18 tan*^-l 
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where V is the distance from the mirror to the grating, U is the fixed optical distance from 
the rotational axis of the mirror to the output facet surface and f (>45°) is the angle of incidence 
onto the gratmg at the scan center wavelength measured from a normal to its surface. 

14. The external-cavity laser of claim 12, wherein said wavelength selecting device comprises 

an AOTF. 

15. A method for tuning an external-cavity laser having a center wavelength and a longitudinal 

2 cavity mode while simultaneously substantially preventing mode hoppmg, said method 

3 comprising the steps of : 

4 pro>niding : 

5 an optical cavity having an effective length; 

6 a gwn medium disposed in said optical cavity; and 

7 a wavelength selecting device positioned to receive light from said optical gain 

8 medmm and adapted to retiim selected wavdengtiis of light to said optical gain medium; and 

9 adjusting tiie wavelength selecting device so as to change tiie center wavelength of the 

10 external-cavity frequency-tuned laser at tiie same rate as tiie longitudinal cavity mode of tiie 

1 1 external-cavity frequency-ttined laser is changed. 

1 16. ThemetiiodofdaimlSfurtiiercomprisingtiiestepof: 

2 providing a fixed dispersive element which corrects for deviations between the increase in 

3 tiie effective lengtii of tiie optical cavity and tiie increase m wavelength. 

1 17. A metiiod of performing OFDR on a sample comprising tiJe steps of: 

2 providing an external-cavity frequency-timed laser having an optical cavity of an 

3 effective losgtii; 
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4 tuning the external-cavity frequency-tuned laser to generate a change in 

.5 wavelength; 

6 changing the effective length of the optical cavity, the effective length being 

7 ' changed prpportionally to the change in wavelength, so as to tune the longitudinal cavity 

8 mode frequency at the same rate as the wavelength; 

9 directing light from said external-cavity frequency-tuned laser onto said sample; 

10 receiving light reflected from said sample; 

1 1 combining light reflected from said sample with light from said extemal-cavity 

12 frequency-tuned laser; 

13 detecting said combined light and generating a beat signal in response thereto; and 

14 performing digital signal processing to extract spatial information about the sample 

15 in response to said detected beat signal. 

1 18. A laser comprising: 

2 an output port; 

3 an optical ring having a round trip time and a center frequency, said optical ring 

4 comprising: 

5 a broad-bandv^dth gain medium; 

6 a wavelength selecting device in optical communication with said gain medium; 

7 a frequency shifter in optical communication with said gain medium and said 

8 wavelength selecting device; 

9 and 
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10 an optical coupler in optical conMnunication with said optical gain medium, said 

1 1 wavelength selecting device and said frequency shifter, said optical coupler coupling light from 

12 said optical ring to said output port, 

13 wherein said wavelength selecting device tunes said center wavelength at a rate equal to 

1 4 the incremental change in frequency caused by the frequency diifter divided by the round trip time 

1 5 of the optical ring to obtain a nearly continuous frequency sweep. 

1 19. The ring laser of claim 18 wherein the optical ring further comprises a path length 

2 compensator in optical communication with said gain medium: 

1 20. An OFDR ^stem comprising: 

2 a laser comprising: 

3 an output port; 

4 an optical ring having a round trip time and a center frequency, said optical ring 

5 compriang: 

6 a broad-bandwidth gain medium; 

7 a wavelengtii selecting device in optical communication with said gain 

8 medium; 

9 a frequency shifter in optical communication witii said gain medium and said 
10 wavelength selecting de>dce; and 

J, an optical coupler in optical conrawnication witii said optical gain medmm, said 

12 wavelengtii selecting device and said frequency shifter, said optical coupler coupling Ught from 

13 said optical ring to said output port; 
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14 an interferometer in optical communication with said laser, said interferometer adapted to 

15 project a portion of light form said laser onto a sample and to receive light altered by said sample 

16 and adapted to combine light altered from said sample and said light from laser; 

17 a detector positioned to receive said combined light from said interferometer and to 

18 generate a signal in response thereto; and 

19 a processing unit in communication with said detector, 

20 wherein said processing unit performs digital signal processing to extract spatial 

21 information related to the sample in response to said signal from said detector, and 

22 wherein said wavelength selecting device tunes said center wavelength at a rate equal to 

23 the incremental change in frequency caused by the frequency shifter divided by the round trip time 

24 of the optical ring to obtain a nearly continuous frequency sweep. 

1 21. A method for correcting a non-linear frequency sweep in an OFDR system to obtain 

2 spatial information relating to a sample, the method comprising the steps of: 

3 sampling a time waveform of light from said sample using said OFDR system, said 

4 sampled time waveform having a time scale; 

5 transforming said time scale of said sampled time waveform into a new time scale to yield 

6 ; a transformed sampled time waveform characteristic Of a linear frequency sweep; and 

7 processing the transformed sampled time waveform to determine spatial information 

8 related to the sample. 

1 22. The method^, of claim 21 frurther comprising the step of predetermining the non-linear 

2 frequency sweep. 

1 23. A method of obtaining range and velocity information of a sample comprising the steps of: 

2 (a) illuminating said sample with a frequency-timable light source; 

BNSDOCID: <WO .d836203A^I_> 
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3 (b) detecting an interformetric beat signal generated by said sample in response to said 

4 illumination 

5 (c) multiplying the detected signal from said, sample by a plurality of descriptors each 

6 corresponding to a different Doppler velocity; and 

7 (d) Fourier transforming the series resulting from step (c) into a range-velocity naap. 

1 24. A method of using an GFDR system having an incident frequency tunable light beam to 

2 obtain range and Doppler information related to a sample, said method comprising the steps of: 

3 monotonically increasing the frequency of the frequency tunable light beam incident upon 

4 said sample; 

5 monotonically decreasing the frequency of the frequency tunable light beam incident upon 

6 said sample; 

7 obtaining the interferometric beat signal from light reflected from said sample usmg the 

8 monotonically mcreasing and monotonically decreasing frequency sweeps; 

9 calculating tihe location of the sample from the mean of the beat frequ^ides during the 

10 monotonocally increasing and decreasing sweep; and 

1 1 calculating the velocity from the difference of the beat frequencies; 

1 25. A method for determining at least one dimensional stracture of a sample comprising the 

2 steps of: 

3 (a) providing an external-cavity frequency-tuned laser having an optical cavity of 

4 an effective length; 

5 (b) tuning the external-cavity frequency-tuned laser to generate a change in 

6 wavelength; 
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7 (c) the effective length of the optical cavity being changed proportionally to the 

8 change in wavelength, so as to tune the longitudinal cavity mode frequency at the same 

9 rate as the wavelength; 

10 (d) directing light from said . external-cavity ifrequency-tuned laser onto said 

1 1 sample; 

12 (d) receiving light reflected from smd isample; 

13 (e) combining light reflected from said sample with light from said external-cavity 
14*^ frequency-tun^d laser; 

1 5 (f). detecting said combined light and generating a beat signal in response thereto; 

16 (g) perforniing digital signal processing to extract spatial information about the sample 

1 7 in response to said detected beat signal; and 

18 (h) repeating steps (b) through (g) for a plurality of locations on the sample. 

1 26. A multidimensional optical imag^ig system comprising an optical source being nearly 



2 continuously tunable, said optical source coupled to an interferometer, said interferometer 

3 coupled to direct light onto a sample and to collect light altered by said sample, said 

4 interferometer adapted to combine said collected light with light from said optical source and 



5 direct said combined;light onto a photo-detector array, said array generating a signal in response 

6 thereto, and processing a unit in communication with said array, wherein said processing unit 

7 performs digital signal processing to simultaneously extract spatial information across multiple 

8 points relating to the . sample in response to said signal from said detector. . 

1 27. The claun of 26 from where a reference path is used in combining said collected light altered 

2 by said sample and light from said optica] source and the reference arm path is tailored in the 

3 transverse dimension to have a non-imiform path length to meter a desired sample surface. 

NSOOCIO: <WO 863Sa03A2 I > 
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1 28. A method of using an OFDR system having an incident frequency tunable light beam to obtain 

2 range and Doppler information related to blood flowing in a blood vessel, said method comprising 

3 the steps of: 

4 monotonically increasing the frequency of the frequency tunable light beam incident upon 

5 said blood flowing in said blood vessel; 

6 monotonically decreasing the frequency of the frequency tunable light beam incident upon 

7 said blood flowing in said blood vessel; 

8 obtaining the interferometric beat signal from light reflected from said blood flowing in 

9 said blood vessel using the monotonically increasing and monotonically decreasing frequency 

10 sweeps; and 

1 1 calailating the location of the blood flowing in said blood vessel from the mean of the beat 

1 2 frequencies during the monotonocally increa^g and deCTeasmg sweep; and 

13 calculating the velocity from the difference of the beat frequencies. 
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